Abstract: We theoretically demonstrate a plasmonic waveguide that allows easy control of the fano profile. The proposed structure is analyzed by the coupled-mode theory and demonstrated by the finite-element method. Due to the interaction of the local discrete state and the continuous spectrum caused by the side-coupled cavity and the baffle, respectively, the transmission spectrum exhibits a sharp and asymmetric profile. The profile can be easily tuned by changing the parameters of the structure. Moreover, the compact structure can easily be extended to several complex structures to achieve multiple fano resonances. These characteristics offer flexibility in the design of the device. This nanosensor yields a sensitivity of $1280 nm/RIU and switches with an on/off contrast ratio of about 30 dB. Our structures may have potential applications for nanoscale optical switching, nanosensors, and slow-light devices in highly integrated circuits.
Introduction
Surface plasmon polaritons (SPPs) are considered to be the most promising candidates for the realization of highly integrated optical circuits, due to their capability to overcome the diffraction limit of light [1] . In particular, the metal-insulator-metal (MIM) waveguides based on SPPs has deep subwavelength field confinements and low bend loss, and thus, it has important applications in highly integrated photonic circuits [2] - [4] . A large number of devices based on MIM waveguides are designed to achieve various functions, such as filters [5] - [8] , splitters [9] , [10] , sensors [11] , [12] , and demultiplexers [13] - [16] . As a fundamental resonant effect, the Fano resonance, appears as an interference effect between a localized state and a continuum band in quantum or classical systems [17] , [18] . Different from the Lorentzian resonance, the Fano resonance exhibits a typical sharp and asymmetric line profile [18] , and this specific feature of the Fano resonance promises applications in sensors [12] , [19] , switches [20] , [21] , wavelength demultiplexing [22] , [23] , and so on. Fano resonances have been widely studied in numerous physics systems, such as rings [24] , [25] , photonic crystal [26] - [28] , planar oligomers [29] - [31] and MIM waveguides [12] , [22] , [32] , [33] . Due to the advantage for enhanced bio-chemical sensing, spectroscopy, and multicolor nonlinear processes, the multiple Fano resonances become more important and have gained much attention [34] , [35] . Therefore, combining the Fano resonance with MIM plasmonic structures would create the possibility of achieving ultracompact functional optical components for use in highly integrated optics [36] .
In this paper, Fano resonance is numerically investigated in a compact plasmonic system, which consists of a MIM waveguide coupled with a side cavity and a baffle. The transmission properties of the structure is analyzed by the temporal coupled mode theory (CMT) and demonstrated by the finite element method. Simulation results show that the side-coupled cavity provides a local discrete state and the baffle supports a continuous spectrum, the interaction between them, gives rise to Fano resonance. The Fano peak and dip can be easily tuned by the length of side-coupled cavity and the material embedded in the resonator. Moreover, multiple Fano resonances are achieved by extending the structure to double or more side-coupled cavities systems. This new Fano formation mechanism, based on the different states, may pave a new route to realize the Fano resonance in the plasmonic waveguide-cavity structure and may have important applications in highly integrated circuits.
Structure and Theoretical Analysis
The investigated waveguide system is simply composed with a MIM waveguide and a sidecoupled cavity, as shown in Fig. 1 . The main parameters of the structure are the length and width of the side-coupled cavity (L and w ), the coupling distance ðgÞ, and the width of the bus waveguide ðw Þ. In contrast to the ordinary side-coupled system [7] , a partially reflecting element (PRE) is introduced by placing a metal baffle (with thickness d ) in the bus waveguide [37] . The reflection coefficient jr B j 2 may be controlled by the thickness of the baffle. In order to obtain a qualitative understanding of the optical waveguide, we analyze the transmission properties of the optical waveguide system by CMT [38] . The amplitude of the cavity is denoted by a and is normalized to the energy in the modes. The amplitudes of the incoming and outgoing waves into the cavity denoted by s iþ and s iÀ (i ¼ 1, 2) (as shown in Fig. 1 ) and are also normalized to the power carried by the waveguide mode. The time evolution of the amplitudes of the cavity in steady state can be described as [39] , [40] 
Here, ! 0 is the resonance frequency, 1= a is the intrinsic cavity loss rate, 1= 1 and 1= 2 defined as the decay rates of the cavity amplitude a into the two ports, respectively, d 1 and d 2 are the input coupling coefficients associated with the forward and backward propagating modes in the bus waveguide. By power conservation, the outgoing waves are [40] Fig. 1 . Schematic of the optical system consisting of a MIM waveguide with a side coupled cavity, a metallic baffle, and the geometrical parameter symbols.
The scattering matrix C represents the direct coupling between incoming and outgoing waves, denoted as
where r B and t B are the corresponding amplitude reflection and transmission coefficients, which satisfy jr B j 2 þ jt B j 2 ¼ 1, and both can be taken to be real and positive. Exploiting energy conservation and time-reversal symmetry [38] , we have
is the phase of coupling coefficient. Considering the symmetry of our structure, we have 1 ¼ 2 and 1 ¼ 2 ¼ . Therefore, the transfer function of the system can be derived as
and the transmission spectrum is
When the PRE is absent (t B ¼ 1, r B ¼ 0), It is obvious that the transmission spectrum exhibits a Lorentzian profile and the minimum transmission, T min ¼ ð2= a Þ 2 =ð2= a þ 4=Þ 2 , happens when ! ¼ ! 0 , which is agree with the results in the previous papers [7] , [14] . However, the presence of the PRE significantly perturbs the phase of the wave amplitudes that are directly transmitted through the waveguide, and therefore leads to complex interference phenomena, which makes the system exhibit a Fano line shape [21] , [28] , [37] .
Simulations and Results
Based on the theoretical calculations presented above, the transmission properties of the waveguide system are numerically investigated using the finite element method (FEM) with COMSOL Multiphysics. Since the width of the bus waveguide is much smaller than the wavelength of the incident light, only a single propagation mode TM 0 can exist in the structure. The transmittance of SPPs is defined as the quotient between the SPP power flows of the observing port with structures (baffle and side-coupled cavity) and without structures [11] , [32] . The power flows at the port were obtained by integrating the Poynting vector over the channel cross section. When a TM-polarized plane wave is injected into the MIM structure, the incident light will be coupled into the bus waveguide, and SPP waves are formed on the two metal interfaces. This system is a two-dimensional model, and the materials in the blue and white areas are chosen to be silver ð" m Þ, and air ð" d ¼ 1:0Þ, respectively. The permittivity of Ag is characterized by the Drude model: [14] . In the simulations, . In this case, SPPs propagates along the bus waveguide via coupling to the side-coupled cavity [7] . However, due to the presence of the PRE ð0 G r B G 1Þ, makes the coupling phase change significantly [see Fig. 2 (c) and (d)], which results in a great difference in the transmission spectrum [ Fig. 2(b) ]. This sharp and asymmetric profile, usually termed as Fano profile [17] , [18] , results from the interference of the broad spectrum and the discrete resonance, which are caused by the baffle and the side-coupled cavity, respectively. These simulation results agree well with the above theoretical analysis results. The field distributions of jH z j 2 for Fano resonance dip at ¼ 1245 nm and peak at ¼ 1304 nm, denoted by the green arrows in Fig. 2(b) , are shown in Fig. 2(e) and (f) , respectively. Obviously, at ¼ 1245 nm, SPPs are almost blocked at the PRE, acted as the "off" state, while at ¼ 1304 nm, SPPs can pass through the waveguide to the output port, served as the "on" state. In the all optical communication system, Fano profile is generally used to realize all-optical plasmonic switches [20] , [26] . In our structure, the Fano on/off contrast ratio can be achieved to 30 dB by adding the PRE, while it is only 20 dB for the Lorentzian profile.
Next, we investigated the transmission properties of the proposed structure using FEM. Fig. 3 (a) shows the calculated transmission spectra for different length of the side-coupled cavity. Fig. 3 displays the dependence of the resonant wavelengths on length L. It is obvious that both the Fano resonant dip and peak are proportional to the length L. Specially, we can find that the difference between the resonant peak and dip increases with the length increasing, which may attribute to the internal loss increases when the length increases. According to the simulation results, the Fano resonance wavelengths can be easily manipulated by adjusting the length of the sidecoupled cavity.
Successively, we investigate the influence of the material embedded in the side-coupled cavity on the Fano resonance wavelength. The length of the side-coupled cavity is set to be 400 nm. By changing the refractive index, the center wavelength exhibits a red-shift as shown in Fig. 3(c) . As can be seen from Fig. 3(d) , it is found that the transmitted-peak and -dip wavelength both have a nearly linear relationship with the refractive index. Therefore, one can simply manipulate the Fano resonance wavelength by fitting the material with appropriate refractive index in the side-coupled cavity. Besides, the proposed structure can be served as a high sensitivity nanosensor with the sensitivity of 1280 nm/RIU (per unit variations of the refractive index) [11] , [12] . However, some challenges that we may be faced if the device was actually made to the practical applications, for example, it is difficult to fabricate such a thin free-standing structure ðg ¼ 10 nmÞ, and the infiltrated fluids may damage the thin Ag spacers in the context of the current technology. Anyhow, the proposed structure achieved a sharp and asymmetric Fano profile, which has a wide application in nano-devices.
Multiple Fano Resonances Induced by Adding Another Side-Coupled Cavity

Adding a Side-Coupled Cavity in the Opposite Side
According to the above characteristics of the plasmonic system based on side-coupled cavity, the proposed Fano structure in Fig. 1 is flexible and can be easily extended to a multiple Fano resonances system by adding another side-coupled cavity, as shown in Fig. 4 . Based on the theoretical analysis in Section 2, we know that the SPPs propagate along the bus waveguide, one portion of them coupled to the upper cavity, the other to the lower cavity, both of them will interference with the third portion, which pass through the baffle, resulting in Fano resonances. By carefully adjusting the parameters of the structure, we can separate the two Fano resonances. To display the phenomenon intuitively, the transmission spectra of the proposed structure are simulated with FEM, and the calculated transmission spectra are shown in Figs. 5(a)-(e) . It is obviously observed that two Fano profiles emerge in the transmission spectra. Moreover, one of them exhibits a red shift [denoted by the green arrows] with L 2 increases, the other keeps unchanged due to L 1 is fixed to 400 nm. That is to say, the green-arrow denoted Fano peaks are determined by the lower cavity, while the others are determined by the upper cavity. Figs. 5(f)-(j) shows the corresponding field distributions of jH z j 2 at the green-arrow positions for different length L 2 . It is observed that the energy almost distributes in the lower cavity, except for Fig. 3(c) . These behaviors of the two Fano resonances accord well with the analysis. Fig. 4 . Schematic of the optical system consisting of an MIM waveguide with a two side-coupled cavity in each side, a metallic baffle, and the geometrical parameter symbols.
Adding a Side-Coupled Cavity up the Original One
In this part, we analyze the case that waveguide coupling for the two side-coupled cavity in one side, which is shown in Fig. 6 . The propagation behaviors of SPPs can be illustrated by the three dotted lines, and these SPPs with different paths will be interference with each other at the output port, which may enrich the transmission spectra. The two side cavities are directly coupling with each other by a coupling coefficient . The resonant frequencies for a and b are ! a and ! b , while the intrinsic loss are 1= a and 1= b , respectively, and the other parameters are the same with that in Fig. 1. For Fig. 6 , the CMT equations are given [39] 
Following the same procedure, we can obtain the transfer functions as follows:
Equation (8) indicates that this system can support multiple Fano resonances. To better demonstrate the phenomena, the transmission spectra are calculated, which are shown in Fig. 7 ] is caused by the higher order mode excited, the other two Fano resonances [one is high energy, denoted by the black dotted line, the other is low energy, denoted by the pink dotted line] are aroused by the lower resonant mode, and they are degenerate. The difference between the two Fano peaks is that the phase of H z in the adjacent of the two side-coupled cavities are inphase and antiphase for the high energy and low energy Fano peak, respectively. According to the above results, the multiple Fano resonances are induced by the phase coupled effects [10] . According to the above analysis, the structure of Fig. 6 can be easily extend to a four resonator-coupled system [inset in Fig. 9 ]. Fig. 9 shows the transmission spectrum of the system. Herein, the four side-coupled cavity are set, for simplicity, the same with L ¼ 400 nm. It is obvious that six Fano resonance peaks occur in the transmission spectrum, which are caused by the complex interference with multiple paths of SPPs. The multi-resonator-coupled system with multi-Fano profiles' optical responses may have complex functional applications, such as sensors, splitter multichannel switches, and wavelength-division multiplexing.
Summary
In summary, the transmission characteristics of the proposed structure, which consists of a MIM waveguide with a side-coupled cavity and a baffle, are analyzed and investigated. Simulation results show that by introducing a metal baffle, which supports a continuous state, the phase of the wave amplitudes that are directly transmitted through the waveguide is significantly perturbed, and then a sharp and asymmetric Fano profile emerges in the transmission spectrum. The Fano line shape can be easily tuned by changing the parameters of the structure. In addition, multiple Fano resonances are achieved by extending the structure to several types. The utilization of a baffle creates a new path for realizing Fano resonance in the plasmonic waveguide-cavity system.
